INTRODUCTION 27 28
Free-living amoebae (FLA) are protozoa commonly found in soil and water. Some of them 29 are pathogenic (54) and can also harbor pathogenic bacteria (61). Indeed, FLA feed on 30 bacteria by phagocytosis but some bacteria can resist phagocytosis (23) and among them, 31 some such as Legionella pneumophila, are even able to multiply within FLA (52). Thus, 32 interaction between FLA and L. pneumophila is a major concern for public health (3, 32) . 33
FLA have developed a strategy in response to adverse conditions or stresses; they 34 differentiate from trophozoites, the vegetative form, to cyst, the resting form. This 35 differentiation is termed encystment (for review see (44, 66) ). Encystment of FLA occurs in 36 various conditions such as nutrient starvation, osmotic stress, and as a response to bacterial 37 toxins (12, 18, 22, 27, 46) . Cysts are particularly resistant to treatments and consequently play 38 a critical role in survival and spreading of FLA and potential intracellular bacteria. The differentiation of trophozoites into cysts induces huge morphological changes ( Fig. 1 and  46 Fig. 2). Cysts are spherical and possess an outer layer, the cyst wall. However, the 47 morphology of cyst walls depends on the genus and species, and has been the basis for 48 identification of FLA. 49
The cysts of Acanthamoebae have a double-layered wall. The ectocyst is the external layer 50 and the endocyst, which is formed after the ectocyst, is the internal fibrillar layer. These 51 layers are composed of at least acid-insoluble proteins (45) and cellulose (62) but the exact 52 composition is not well known. The structure of Acanthamoeba cysts has been well described 53 by electron microscopy (5, 9). One to several holes named ostioles are present at the surface 54 of the cyst wall. It has been proposed that excystment occurs through these ostioles after 55 digestion of the opercula covering the ostioles (9). 56
The authors suggest that cellulose is present in both layers of the cyst wall, while previous 57 studies proposed that cellulose is only present in the endocyst (9). Recently, it has been shown 58 that the ectocyst presented an irregular surface and that vesicles were found within its wall. 59
Using quick-freeze fracture/deep etching with electron microscopy, it has been shown that the 60 endocyst is thinner, more fibrillar than the ectocyst, and resembles the cellulose structure in 61 plant cell walls (29) . Encystment has been demonstrated to correlate with development of 62 biocide resistance, with increasing content in alkali-insoluble residues (cellulose) being 63 associated with increasing resistance to most chemical agents (63 Naegleria spp. cysts walls remains unknown but they are thought to contain chitin since they 77
are not stained with a cellulose-specific marker (30) but can be stained with calcofluor white 78 M2R, indicating the presence of another kind of β-1-4-linked polysaccharide (8). It should be 79 underlined that chitin is found in Entamoeba cysts (2). 80
To our knowledge there is only one publication describing the composition of Hartmannella 81 cyst walls. It seems that the major components of the cyst wall are proteins with a glucose 82 polymer present in low quantity (64). Such as for the Naegleria, the cysts of Hartmannella 83 spp. are not stained with a cellulose-specific marker, suggesting that there is no cellulose in 84 the walls (30). A morphological study reported that cyst wall of Hartmannella vermiformis is 85 composed of a 50 nm thick endocyst and a 110-140 nm thick ectocyst consisting of 86 multilayered filamentous material (58). 87
In Balamuthia, a third layer, named mesocyst, has been described (35). Recently, galactose has been also shown to enhance Balamuthia encystment (57). The authors 110 suggested that galactose might mediate its response via a galactose binding protein receptor, 111 which has been previously described in Balamuthia (36). 112
It has been also early reported that a factor, named encystment-enhancing activity (EEA), 113 secreted by Acanthamoeba, is able to stimulate encystment (1). The nature of this factor is not 114 on September 26, 2017 by guest http://ec.asm.org/ Downloaded from described but the authors suggest that it may be a modified nucleotide because its activity was 115 sensitive to snake venom phosphodiesterase. However, this factor should be different from 116 cAMP as cAMP phosphodiesterase was not active against EEA. It is interesting to underline 117 that EEA was produced in high-density cultures, thus the authors speculated that this factor 118 could act similarly to a quorum-sensing signaling molecule. Besides, Eichinger hypothesized 119 that catecholamines might be quorum-sensing molecules in Entamoeba (20) other inhibitors of the MAPK pathway were tested, the p38 MAPK inhibitor, SB203580 and 129 the MEK inhibitor PD98059, but they did not show any effects on encystment. Together, 130 these results suggest that MAPK pathway might be involved in encystment but that the 131 components of this pathway remain to be described. Also, the receptors mediating this 132 pathway remain to be characterized. As cAMP has a direct impact on encystment, cAMP 133 receptors are likely involved but Ras might also be coupled to the tyrosine kinase family 134 these various works demonstrate that serine proteases, at least the subtilisin-like serine 167 protease, are crucial for the differentiation into cysts. During differentiation there is a need for 168 protein turnover, which is completed via lysosomes or ubiquitin-proteasome systems. It is 169
proposed that these proteases may mediate autophagic functions as the protein associates to 170 autophagosomes during encystment (16, 41) . Reinforcing this hypothesis, a recent study 171
showed that an autophagy protein was also involved in encystment. Indeed, this protein was 172 induced in cyst and repression of its synthesis by siRNA decreased encystment (42). Also, 173 presence of autolysosomes during encystment was visualized by electron microscopy (5). 174
Recently, another family of proteases, the cysteine proteases, was also reported to be involved 175 in encystment. A study carefully followed by 2D-gel electrophoresis the expression of 176 proteins during encystment (28). The authors concluded that most of the changes occurred 177 during the early stage of encystment. They also showed that specific inhibitors of cysteine 178 proteases partially reduce encystment. Cysteine proteases are also induced at the RNA level 179 during encystment (38). In Entamoeba, a cysteine protease, induced during encystment, did 180 not colocalize with autophagosomes suggesting that it is not involved in autophagy (19) . 181
182

THE CYST-SPECIFIC PROTEIN CSP21 183
The first molecular change to be described in FLA during encystment is the expression of 184 CSP21. This cyst-specific protein of 21 kDa (CSP21) has been identified by SDS-PAGE 185 analysis. CSP21 is hydrophilic and produced during early stages of encystment (24) 
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Also, the expression of two enzymes involved in the glycolytic pathway (enolase and fructose 213 bisphosphate aldolase), was modulated during encystment in different genus. Enolase is 214 expressed during cyst formation in Naegleria fowleri (7) and in Acanthamoeba (4). It is likely 215 that these enzymes might be related to cellulose synthesis (4). The induction of enolase in cyst 216 confirmed a previous study conducted at the mRNA level in Acanthamoeba (39). Finally, 217 enolase is also involved in differentiation of Entamoeba histolytica and was localized at the 218 cyst wall, suggesting a different role than the one in the glycolytic pathway (55, 56) . 219 220 CONCLUSION 221
222
Cysts of FLA are highly more resistant to treatment than trophozoites and can survive for a 223 long time in harsh conditions. They are particularly important for persistence and spreading of 224 FLA, leading to potential health problems. Therefore, it is important to study cyst formation 225 in order to find new treatments to inhibit this process. In this paper, we have reviewed major 226 biochemical, molecular and cellular modifications at work during encystment of FLA, but 227 most of the studies have been dealing with Acanthamoeba as summarized on Fig. 3 Sixth, it is essential to study excystment as this process has been less studied that encystment. 247
Seventh, as most of the studies have been conducted on Acanthamoeba, there is a need to 248 study more thoroughly other main genera of FLA, such as Naegleria, Balamuthia, and 249
Hartmannella, because all these genera are not phylogenetically related. 250
In the aim to respond to these questions, modern tools should be used or developed. Future 251 research should be focused on genomic and transcriptomic studies on the main genera to 252 decipher in detail mechanisms of encystment. In particular, there is an urgent need of genome 253 sequences in all major FLA genera and most of all we are convinced that transcriptomic 254 studies, via RNA-Seq, should be the priority to get a whole picture of gene regulation during 255 encystment. In order to manipulate gene expression, siRNA has been recently used but there 256 is a need to develop other tools for mutagenesis and stable transfection. 257
Eventually, these efforts should help to improve disinfection efficacy and limit health 258 problems due to FLA themselves and/or intracellular pathogenic bacteria. 
